The irreversible thermal inactivation of Bacillus licheniformis az-amylase was studied. A two-step behaviour in the irreversible denaturation process was found. Our experimental results are consistent only with the twostep model and rule out the two-isoenzyme one. They suggest that the deactivation mechanism involves the existence of a temperature-dependent intermediate form. Therefore the enzyme could exist in a great number of active conformational states. We have shown that Ca2" is necessary for the structural integrity of aamylase. Indeed, dialysis against chelating agents leads to a reversible enzyme inactivation, though molecular sieving has no effect. Further, the key role of Ca2" in the a-amylase thermostability is reported. The stabilizing effect of Ca2" is reflected by the decrease of the denaturation constants of both the native and the intermediate forms. Below 75°C, in the presence of 5 mM-CaCl2, a-amylase is completely thermostable.
INTRODUCTION
a-Amylase (1,4-a-D-glucan glucanohydrolase, EC 3.2.1.1) hydrolyses starch by cleaving the internal a-1,4-glucosidic bonds. This enzyme is produced by a wide variety of organisms, but on account of its industrial applications the best-studied a-amylase is from the genus Bacillus [1] [2] [3] . Since starch is only soluble at temperatures close to 100°C, one key in its industrial hydrolysis must be the use of highly thermostable enzymes. Therefore, in order to define rational strategies for enhancement of enzyme thermostability, the irreversible thermal denaturation process must be elucidated.
Enzyme thermal inactivation occurs in two steps according to the general model proposed by Lumry & Eyring [4] :
N=--7U *+ I where N is the native catalytically active enzyme, U is the reversibly unfolded catalytically inactive enzyme and I is the irreversibly inactivated enzyme. In the first step there is a partial loss of activity due to the disruption of the non-covalent interactions maintaining the native conformation. This process is reversible, since the enzymic activity is completely recovered when the enzyme is cooled down [5] . Then, upon prolonged heating, another process occurs, leading to an irreversibly inactivated enzyme [6] . The molecular mechanisms of irreversible thermal denaturation of hen's egg-white lysozyme and bovine pancreatic ribonuclease A have been already elucidated [7, 8] . Recently, similar studies have been performed on three bacterial a-amylases [9, 10] . For Bacillus licheniformis a-amylase deamidation of asparagine and glutamine residues emerges as the cause of inactivation [10] .
If the kinetics of the reversible thermal denaturation have been extensively studied [5] 
Thermal denaturation kinetics
The time course of irreversible thermal inactivation of a-amylase was measured by incubating the enzyme in 10 mM-Tris/acetate buffer, pH 6.3, at various temperatures (TL) (55 to 95 "C). The pH of the buffer was adjusted to the desired value at the temperature of thermoinactivation. Samples were removed at intervals, cooled in ice (15 min) and assayed for enzyme activity in the conditions previously described. Cooling in ice allowed the reversibly unfolded form U to fold into the native form N, so that only the irreversible denaturation was studied. Calculation of rate constants and specific activities
In order to explain the biphasic deactivation patterns, two models can be proposed.
Model 1 implies the existence of two isoenzymes. If there are differences in both specific activities and thermal stabilities, the isoenzymes would give rise to biphasic deactivation processes: Fig. 2 . The plot of In R versus incubation time is distinctly biphasic (Fig. 2 inset) , and the denaturation process cannot be described in terms of a single These two models require four parameters: R1 and R2 are the specific activities of the two native isoenzymes (N1 and N2) in the case of model 1 or of the native (N) and the intermediate (X) forms in the case of model 2. k, and k2 are the corresponding deactivation rate constants. For both models, the four parameters are obtained by a non-linear fitting of the data to eqns. (1) and (2) with a Victor V286C computer. An estimation of the initial parameters was made in accordance with Tanford [5] . For each model, the criterion used for the best fit is the minimum value of the sum of the residue squares.
RESULTS AND DISCUSSION Thermal denaturation kinetics
Preliminary experiments were carried out in order to select a suitable initial enzyme concentration. The results obtained after an incubation for 15 min at 80 "C show that the maintenance of enzyme activity is strongly dependent on the initial protein concentration (Fig. 1 ).
Above 2 /tM the inactivation process is accompanied by heavy aggregation of the enzyme. As previously described [6] , working with diluted enzyme solutions lowered the rate of non-covalent intermolecular reactions. In all further experiments an enzyme concentration of 0.17 ,UM was used.
A first set of runs was performed by deactivating the Table I (two-step model).
Thermal denaturation of Bacillus licheniformis a-amylase Fig. 3(b) on Sephadex G-25 had no effect (results not shown).
Since the dissociation constant for the Ca2"-binding site is very low (2.5 x 10-8 M) [16] , intrinsically bound Ca2"
could not be removed easily. However, inactivation was reversible. Addition of Ca2" to dialysed enzyme led to a complete re-activation of the enzyme.
It is well known that addition of Ca2" is required for an enhanced thermostability of a-amylases [17, 18] . Therefore, in order to obtain information concerning the role of this cation in the enzyme stabilization, a study of the kinetics of irreversible thermal denaturation of aamylase in the presence of Ca2" at different temperatures was carried out.
The dependence on Ca2" concentration of ac-amylase thermostability at 90°C was studied. In order to remove the extrinsic Ca2" that may be present in the commercial enzyme preparation, a-amylase was desalted on Sephadex G-25. When this enzyme (with its intrinsic Ca +) was incubated for 15 min at 90 IC in the presence of 5 mM-CaCl2, 500 activity remained, whereas in the absence of added Ca2' no activity could be detected. However, increased concentrations of Ca2+ above 5 mM have no further stabilizing effect (results not shown). ac-Amylase was deactivated at incubation temperatures from 75 to 95°C in the presence of 5 mM-CaCl2. The specific activity was assayed at 30 'C. The results obtained are shown in Fig. 4 . The ability of added Ca21 to protect B. licheniformis a-amylase is striking, since at 75 'C no inactivation occurred. The stabilizing effect of Ca2+ being optimal for 5 mm, all the enzyme molecules should be present as enzyme-Ca2+ complexes in accordance with model 3:
NCa -XCa -k DCa with R1' and R2' being the specific activities of NCa and XCa respectively. The specific activity of the mixture varies with time in accordance with eqn. (2) . Kinetic parameters are listed in Table 3 . At 80 and 85 'C, in the presence of Ca2+, the native enzyme was inactivated with a slower deactivation constant as compared with that obtained in the absence of added Ca21 (0.75 x 10-3+0.28 x 10-3 and 4.62 x 10-3+ 0.83 x 10-3 s-1 at 80°C, and 1.22 x 10-3+ 0.19x 10-3and7.60x 10-3+1.85x 10-3s-1at85'C). On the other hand, the intermediate form X80 and to a smaller extent X85 are thermostable, since their deactivation constants are low (3.0x 10-6 +0.2 x 10-6 and 70.0 x 10-6 +20 x 10-6 s-1). The stabilizing effect of Ca2+ seems to be stronger on the intermediate form than on the native one (Tables 1 and 3 ). We can note that the Ca2Ĩ n the presence or in the absence of added Ca2 , only the first deactivation constant followed the Arrhenius law (Fig. 5) . The activation parameters of the thermal denaturation are listed in Table 2 The three-dimensional structure of pig pancreatic aamylase has recently been elucidated [20] . It was shown that Ca2" stabilized the active-site cleft by inducing an ionic bridge between the two domains A and B. Although no similar study has been carried out on B. licheniformis a-amylase, one may consider that Ca2" plays a similar role. Indeed, this cation is necessary for the structural integrity of all ac-amylases, and the conserved sequence regions are involved in the architecture of the Ca2+-binding site and of the active site. Our results clearly indicate that Ca2" ions play an important role in the enzyme's thermostability. Probably by binding to the protein, it stabilizes the three-dimensional structure and prevents the enzyme from unfolding. Vol. 263
